The testing procedure in order to determine the precise mechanical testing results in Marshall design is very time consuming. Also, the physical properties of the asphalt samples are obtained by further calculations. Therefore if the researchers can obtain the stability and flow values of a standard mixture with the help of mechanical testing, the rest of the calculations will just be mathematical manipulations. Determination of mechanical testing parameters such as strain accumulation, creep stiffness, stability, flow and Marshall Quotient of dense bituminous mixtures by utilising artificial neural networks is important in the sense that, cumbersome testing procedures can be avoided with the help of the closed form solutions provided in this study. Marshall specimens, prepared by utilising polypropylene fibers, were tested by universal testing machine carrying out static creep tests to investigate the rutting potential of these mixtures. On the very well trained data basis, artificial neural network analyses were carried out to propose five separate models for mechanical testing properties. The explicit formulation of these five main mechanical testing properties by closed form solutions are presented for further use for researches.
Introduction
The creep test (conducted in an unconfined or confined manner), has been used to estimate the rutting potential of dense bituminous mixtures. This test is conducted by applying a static or a repeated load to an asphalt specimen and measuring the resulting permanent deformation. Extensive studies using the unconfined creep test (also known as simple creep test or uniaxial creep test) as a basis of predicting permanent deformation in dense bituminous mixtures has been conducted up to date. Research of permanent deformation in flexible pavements began in the early 1970's [1] [2] [3] [4] [5] [6] [7] . The loss of pavement serviceability is a common result from rutting. A typical serviceability loss occurs when the formation of ruts forces the pavement to crack, which can lead to rapid deterioration of the pavement due to the accumulation of water on the pavement surface. Under normal service conditions, deformations within the bituminous materials occur more frequently during late spring, summer and early fall because of elevated temperature conditions.
To solve this rutting problem in flexible pavements (and other problems such as fatigue and low temperature cracking), scientists have developed some techniques and methodologies called "asphalt (bitumen) modification". The most popular bitumen modification technique is polymer modification. To this end, novel binders with improved rheological characteristics are continuously being developed [8] [9] [10] [11] [12] . The best known form of this bituminous binder improvement is by means of polymer modification, traditionally used to improve the temperature susceptibility of bitumen by increasing binder stiffness at high service temperatures and reducing the stiffness at low service temperatures 13 . It has been found that the creep test must be performed at relatively low stress levels (cannot usually exceed 30 psi (206.9 kPa) and low temperature (cannot usually exceed 104 °F (40 °C)), otherwise the sample fails prematurely 3, 14, 15 . The test conditions consist of a static axial stress, σ, of 100 kPa being applied to a specimen for a period of 1 hour at a temperature of 40 °C. These test conditions were standardized following a seminar in Zurich 16 . This test is inexpensive and easy to conduct but the ability of the test to predict performance is extremely questionable 17 . In place asphalt mixtures are sometimes prone to truck tire pressures of more than 828 kPa (120 psi) and temperatures higher than 60 °C (140 °F) used to determine the optimal fiber addition amount with the aid of static creep tests undertaken in a completely different fashion than the previous ones. In this manner, the rutting potential of dense bituminous mixtures can be explored in a more complete manner.
The first part of the study reviews available literature published in the last four years on the application of polypropylene fibers in asphalt modification. Then short information on static creep testing of dense bituminous mixtures is presented spanning in the last two decades about the actual loading simulation efforts being undertaken in the laboratory environment. Next, published literature about artificial neural networks in pavement engineering especially after the year 2005 up to date has been introduced. At this point, strain accumulation and creep stiffness determination of Marshall specimens tested by universal testing machine is being analysed. Then, the application of artificial neural network techniques to propose two separate models for strain accumulation and creep stiffness by utilising the physical properties of standard Marshall specimens such as polypropylene fiber addition amount, specimen height (only for strain accumulation proposal), unit weight, voids filled with asphalt, voids in mineral aggregate, air voids and test loading period (for static creep testing) is being put forward. Furthermore, a general overview about the Marshall design is presented in the next section. Then neural network applications related specifically to the Marshall design in the last decade have been presented. Finally, three other neural network models are being presented which uses the physical properties of standard Marshall specimens such as polypropylene fiber addition amount, specimen height, unit weight, voids filled with asphalt, voids in mineral aggregate and air voids in order to predict the Marshall stability, flow and Marshall Quotient values obtained at the end of mechanical tests. The explicit formulation of these mechanical properties based on the proposed neural network model is obtained and presented for further use for researchers who are working with the same kind of or different bitumen modifiers, needless to say, for similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions.
Available Literature Published in the Last Four Years on the Application of Polypropylene Fibers in Asphalt Modification
Until 2008, many valuable studies have been published about fiber modification of dense bituminous mixtures which can be found in a detailed manner in the relevant literature 20 . Tapkın 21 has found that the addition of polypropylene fibers into the asphalt concrete on a dry basis alters the behaviour of the mixture in such a way that, Marshall stability values increase, flow values decrease and the fatigue life increases significantly. Tapkın et al. 20, [22] [23] [24] have also worked on the addition of polypropylene fibers to the asphalt concrete on a wet basis, and have shown that the most favourable and suitable polypropylene type was multifilament, 3 mm long (M-03 type) which increased the Marshall stability values by 20% as well as the stiffness of the asphalt concrete. Repeated load creep tests under different loading patterns have also shown that the time to failure of fiber modified asphalt specimens under repeated creep loading at different loading patterns increased by 5-12 times versus reference specimens, which is a very significant improvement. In another accompanying study, it was found that polypropylene modification of bituminous binders developed the physical and mechanical properties of the mixture and substantially improved its resistance to permanent deformation. Polypropylene modification also resulted in a saving of 30% in the amount of bitumen, resulting in considerable cost savings 19 . There are also a number of other studies in the literature on different applications of polypropylene fiber modification of asphalt concrete in the last decade which deserve attention [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Static Creep Testing of Dense Bituminous Mixtures Spanning in the Last Two Decades About the Actual Loading Simulation Efforts
The main outcome of this study was the major drawback of the static creep tests and those that have been carried out worldwide up to date 19 . Therefore, a completely different loading pattern and testing temperature was adopted. In this study, first of all, the test temperature was chosen as 50 °C, again just like in repeated creep testing regime to simulate actual in-situ conditions 24 . A static axial stress, σ, of 100 kPa was applied to the specimens as a preloading for 10 minutes and after, 500 kPa of loading was applied to the specimens for 1 hour to simulate in-place conditions in a realistic manner 19 . Also it has to be mentioned that, in today's modern pavement engineering practices, there are also other bitumen modifying agents other than polypropylene fibers which need to be tested in actual stress levels (like 100 kPa of preloading and 500 kPa loading level in repeated creep test, not 10 kPa preloading and 100 kPa loading level like the older practices) in order to show the very positive contribution of these modifiers to the genuine mechanical behaviour of modified dense bituminous mixtures.
Matthews and Monismith 34 have performed unconfined creep tests at temperatures 25 °C, 38 °C and 49 °C which is a main departure from the published literature up to date in the testing temperature manner and deserves attention. In another study by Mallick et al. 35 , in order to simulate the average pavement temperature throughout the United States, 60 °C of testing temperature was utilised. Ramsamooj and Ramadan 36 had carried out creep tests at four stress levels under constant stresses of 150, 400, 650 and 900 kPa. This was again an important deviation from the accustomed practices of creep testing that deserves attention. Tashman et al. 37 had carried out triaxial confined static creep test in determining the model parameters related to their studies. This is again a significant departure from the routine testing protocol of 40 °C temperature 16 . A static constant load had been applied until "tertiary flow" occurred. The test had been stopped at the initiation of the tertiary creep zone in order to avoid damaging the linear variable differential transformer (LVDT); thus the experimental tertiary creep pattern could not have been recorded naturally. Chen et al. 38 had investigated the mechanical responses and modelling of rutting in flexible pavements. In a recent study, Chen et al. 39 investigated the utilization of recycled brick powder as alternative filler in asphalt mixture. They had carried out static and dynamic creep tests using Universal Testing Machine (UTM) to apply constant stress to asphalt specimens. Their specimens were 100 mm in diameter and 100 mm in height. These specimens were tested at 60 °C with a constant stress of 100 kPa for 3600 seconds and unloaded for the recovery of deformations for 5400 seconds. Also in some studies, in the last five years that was utilising the "standard" procedure depicted in Zurich 16 , the testing temperature had been chosen as 30 °C which was again a departure from this technique [40] [41] [42] .
Published Literature About Artificial Neural Network Applications in Pavement Engineering Especially After Year 2005 Up to Date
Detailed knowledge about the applications of artificial neural networks in transportation engineering and pavement engineering up to year 2005 can be found in the relevant literature 20, 43 . Tarefder et al. 44 constructed and applied a four-layer feed-forward neural network to determine a mapping associating mix design and testing factors of asphalt concrete samples with their performance in conductance to flow or permeability. Another study used the artificial neural network methodology to develop time-dependent roughness prediction models for three types of pavements: Portland cement concrete pavement, asphalt overlay over concrete pavement, and asphalt pavement 45 . Tarefder et al. 46 constructed a four-layer neural network and applied this to determine the mapping associating factors in the design and testing of asphalt samples with their performance in repetitive rutting tests. In another study, the concept of a novel neural network-based asphalt compaction analyser capable of predicting the density continuously, in real time, during the construction of the pavement was presented. Preliminary field studies demonstrated the capability of the analyser in predicting the density of an asphalt pavement during construction 47 . Efforts in another study had been made to backcalculate the in situ elastic moduli of asphalt pavement from synthetically derived falling weight deflectometer (FWD) deflections at seven equidistant points 48 . Lacroix et al. 49 proposed the population of a database of measured dynamic moduli with the corresponding predicted resilient moduli to train an artificial neural network. The study by Xiao et al. 50 explored the utilization of an artificial neural network in predicting the fatigue life of rubberized asphalt concrete mixtures containing reclaimed asphalt pavement. Xiao and Amirkhanian 51 in another look explored the utilization of the artificial neural networks in predicting the stiffness behaviour of rubberized asphalt concrete mixtures with reclaimed asphalt pavement. A paper by Far et al. 52 presented outcomes from a research effort to develop models for estimating the dynamic modulus (|E*|) of hotmix asphalt layers on long-term pavement performance test sections. Tapkın et al. 20 presented an application of neural networks for the prediction of repeated creep test results for polypropylene modified asphalt mixtures. Marshall specimens, fabricated with multifilament 3 mm type polypropylene fibers at optimum bitumen content (reference and 3‰ polypropylene fiber modified by weight of aggregate which was not the optimal addition amount according to later studies carried by the lead author 19, 24 ) were tested using universal testing machine in order to determine their mechanical behaviour under repeated creep testing. Different stress values (namely 100, 207 and 500 kPa) and loading patterns (load periods were chosen as 500 ms for all of the specimens and the rest periods were 500, 1000, 1500 and 2000 ms, respectively) have been applied to the previously prepared specimens at 50 °C. It has been shown that the addition of polypropylene fibers results in improved Marshall stabilities and decrease in the flow values, providing the increase of the service life of samples under repeated creep testing (5-12 times when compared to reference specimens). The proposed neural network model uses the physical properties of standard Marshall specimens such as polypropylene type, specimen height, unit weight, voids in mineral aggregate, voids filled with asphalt, air voids and repeated creep test properties such as rest period and pulse counts in order to predict the strain accumulation values obtained at the end of mechanical tests. Moreover parametric analyses have been carried out. The results of parametric analyses were used to evaluate the strain accumulation of the Marshall specimens subjected to repeated load creep tests in a quite well manner. Zhang et al. 31 studied polypropylene/waste ground rubber tire powder composites with respect to the effect of bitumen and maleic anhydride-grafted styrene-ethylene-butylene-styrene content by using the design of experiments approach, whereby the effect of the four polymers content on the final mechanical properties were predicted. Zhang et al. 32 , this time, studied waste polypropylene/waste ground rubber tire powder blends with respect to the effect of bitumen and maleic anhydride-grafted styrene-ethylene-butylene-styrene content by using the design of experiments approach, whereby the effect of the four polymer content on the final mechanical properties were predicted. Gopalakrishnan and Manik 53 used the falling weight deflectometer data to determine the in situ mechanical properties (elastic moduli) of the pavement layers through inverse analysis, a process commonly referred to as backcalculation. Tsai et al. 54 calibrated mechanistic-based models to field data to produce a design process for predicting reflection cracks. Sakhaeifar et al. 55 presented a set of dynamic modulus (|E*|) predictive models to estimate the |E*| of hot-mix asphalt layers in long-term pavement performance (LTPP) test sections. Tapkın et al. 23 presented another application of neural networks for the prediction of Marshall test results for polypropylene modified asphalt mixtures. Marshall stability and flow tests were carried out on specimens fabricated with none (reference) and different type of polypropylene fibers (for multifilament 3 mm type fibers, fiber contents of 3‰, 4.5‰ and 6‰ by weight of aggregate were utilised and for multifilament 9 mm type and waste fibers only 3‰ fiber content by aggregate weight was utilized which were not the optimal addition amounts according to later studies carried by the lead author 19, 24 ) at bitumen contents varying from 3.5% to 7% (changing by 0.5% increments for 3 specimens at each percentage). It has been shown that the addition of polypropylene fibers results in the improved Marshall stabilities and Marshall Quotient values, which is a kind of pseudo stiffness. The proposed neural network model uses the physical properties of standard Marshall specimens such as polypropylene type, polypropylene percentage, bitumen percentage, specimen height, unit weight, voids in mineral aggregate, voids filled with asphalt and air voids in order to predict the Marshall stability, flow and Marshall Quotient values obtained at the end of mechanical tests. The explicit formulation of stability, flow and Marshall Quotient based on the proposed neural model is also obtained and presented for further use by researchers. Moreover parametric analyses have been carried out. The results of parametric analyses were used to evaluate mechanical properties of the Marshall specimens in a quite well manner. Kargah-Ostadi et al. 56 used in a network-level pavement management system (PMS) to predict future performance of a pavement section and identify the maintenance and rehabilitation needs. There are also various similar studies in the literature in the way of utilising neural networks and parametric studies in various civil engineering applications [57] [58] [59] .
Experimental Analysis Carried Out

Preparation of the asphalt specimens
Marshall specimens were fabricated by utilising 50 blows on each face (medium traffic conditions). 50/70 penetration bitumen was modified in the laboratory with M-03 type polypropylene fibers. A total of "93" Marshall specimens were fabricated and Universal Testing Machine had been utilised to carry out, this time, to put forward another approach to the rutting prediction of Marshall specimens with carrying out static creep tests on them (the lead author has carried out repeated creep testing with a completely different set of data on another leg of the ongoing studies beforehand 20 ) . When compared with the amount of tests undertaken in the similar studies available in the literature, testing of 93 specimens is really an extensive way of carrying out analyses 19, 24 .
Material properties
Gradation limits for wearing course Type 2 set by Highway Technical Specifications of General Directorate of Turkish Highways had been utilised all throughout the studies 60 . 50/70 penetration bitumen was utilised for the preparation of the Marshall specimens. The aggregate that had been used throughout the experiments was calcareous type crushed stone. Physical properties of the bitumen samples are given in Table 1 . The physical properties of coarse and fine aggregates are given in Tables 2 and 3 . The apparent specific gravity of filler is 2785 kg.m -3 . Aggregate gradation had been selected as wearing course type 2 given by General Directorate of Highways of Turkey 60 . The mixture gradation is given in Table 4 . Physical properties of the polypropylene fibers used in the experimental program are given in the relevant literature 24 . 
Polypropylene modification of bitumen
50/70 penetration bitumen was modified by M-03 type polypropylene fibers. The fibers were premixed with bitumen using a standard mixer at 500 rpm for at least two hours. Mixing temperature was around 165-170 °C 61 . Only M-03 type fibers had been utilised to modify the bitumen samples according to the workability criteria 22, 24 . Starting with 0.5‰ M-03 type, and increasing by 0.5‰ up to 7‰, polypropylene fibers had been premixed with bitumen and were used for preparation of Marshall specimens 18 . Physical properties of the polypropylene fiber based bitumen samples with 1 to 7‰ fiber content are given in Table 5 .
Performance characteristics, such as specific gravity, ductility, softening point, penetration and penetration index of the polypropylene fiber modified bitumen samples were greatly improved as compared to control specimens which can be seen in Table 5 . The specific gravity values have decreased by 1.94% when the maximum amount of polypropylene is added to the bitumen samples. Ductility values have dropped to 5.0 cm when 7‰ modification has been carried out. The increase in softening point values is 106.03 °C when compared to control specimens. This is a very remarkable increase from the pavement engineering point of view which is showing the clear decrease in the temperature susceptibility of the bituminous binders with polypropylene fiber modification (tests were carried out in glycerine after 3‰ fiber addition). Penetration values have dropped to 9.38 dmm for 7‰ modification. These above figures altogether show the very positive effect of polypropylene modification to the physico-chemical properties of control specimens according to the temperature susceptibility criteria 19 .
The proportioning of the bituminous mixtures
To find the optimum bitumen content of reference asphalt specimens, Marshall stability and flow tests were utilised. In order to do this, bitumen contents corresponding to the mixtures with maximal stability and unit weight, 4% air voids and 70% voids filled with asphalt, were found and averaged according to the limits given by the General Directorate of Highways of Turkey 60 . Two different Marshall designs were carried out. In the first design, the optimum bitumen content was found as 5%. Second design was ended with an optimum bitumen content of 4.96%. These two results are very near to each other therefore the optimum bitumen content of the reference specimens has been taken as 5.0%.
Experiments Performed to Determine
Optimal Polypropylene Addition to the Mixture and Artificial Neural Network Applications by Universal Testing Machine
Static creep tests undertaken
In this study, first of all, the test temperature has been chosen as 50 °C to resemble the in-situ conditions. The height of asphalt specimens was approximately the same for all of the specimens. Prior to testing, the specimens had been placed in an environmental chamber for 24 hours to maintain uniform temperature distribution. Then, the static axial stress, σ, of 100 kPa was applied to the specimens as a preloading for 10 minutes and after on , 500 kPa of loading was applied to the specimens for 1 hour to resemble in-place conditions in a realistic manner. In order to validate this preloading time of 10 minutes, preloading times of 0 to 10 minutes, increasing one minute by one minute, has been applied to standard Marshall specimens prepared at optimum bitumen content of 5%. A total of 11 specimens had been fabricated and subjected to the same loading pressure of 500 kPa for 1 hour. At the end of these tests, it has been found out that 10 minutes of preloading can be accepted as the optimal preloading time for the further studies that will be carried out with no doubt 19 . Starting with control specimens (a total of 9 specimens), Marshall specimens have been prepared at the optimum bitumen content of 5% with changing polypropylene contents of 0.5‰ to 7.0‰ by aggregate weight with 0.5‰ increments. For each polypropylene content, a total of 6 specimens have been fabricated. Therefore, in the end, a total of 84 modified specimens have been tested under the static creep test conditions stated above. The mechanical properties of Marshall specimens at the end of static creep tests undertaken by universal testing machine are given in are given once more in order to draw the attention to the "optimal" addition of fiber addition. In these three figures, the reader can easily notice the value of 5.5‰ polypropylene fiber addition as the "optimal" addition amount of modifier in a mechanical testing manner. One can easily notice form 
Background on artificial neural networks
The operation of the neuron is a complicated and not fully understood process, although the basic details are relatively clear. The neuron accepts many inputs, which are all added up in some manner. If enough active inputs are received at once, then the neuron will be activated and transmit a signal; otherwise the neuron will remain in its inactive quiet state. The influence of the synapses, coupled with the incoming signal into the soma (cell body), can be modelled by a linear combination of the inputs to the processing unit. The more influential the synapse, the larger the signal, the less influential the synapse, the smaller the signal.This basic model, which is analogous to a biological neuron, is shown in Figure 8 .
This model, which is called a perceptron simply performs a weighted sum of inputs (a linear combination), compares this to a threshold value in the processing unit and turns on if this value is exceeded, otherwise it stays off. Since the inputs are passed through the model neuron to produce the output once, the system is known as a feed forward one 43 . The artificial neuron consists of three main components namely as weights, bias, and an activation function (Figure 8 ). Each neuron receives inputs x 1 , x 2 , ...x n , attached with a weight w i which shows the connection strength for that input for each connection. Each input is then multiplied by the corresponding weight of the neuron connection. A bias b i can be defined as a type of connection weight with a constant nonzero value added to the summation of inputs.
The summation u i is transformed using a scalar-to-scalar function called an "activation or transfer function", F(u i ) yielding a value called the unit's "activation", given in Equation 2.
Activation functions serve to introduce nonlinearity into neural networks which makes artificial neural networks so powerful. The activation function is also referred to as a squashing function.
Neural networks are commonly classified by their network topology, (i.e. feedback, feedforward) and learning or training algorithms (i.e., supervised, unsupervised). For example a multilayer feed forward neural network with back propagation indicates the architecture and learning algorithm of the neural network. Backpropagation algorithm is used in this study which is the most widely used supervised training method for training multilayer neural networks due to its simplicity and applicability. It is based on the generalized delta rule and was popularized by Rumelhart et al. 62 .
The performance of an artificial neural network model mainly depends on the network architecture and parameter settings. One of the most difficult tasks in artificial neural network studies is to find this optimal network architecture which is based on determination of numbers of optimal layers and neurons in the hidden layers by trial and error approach. The assignment of initial weights and other related parameters may also influence the performance of the neural network in a great extent. However there is no well defined rule or procedure to have optimal network architecture and parameter settings where trial and error method still remains valid. This process is very time consuming.
Various back propagation training algorithms which are used in this part of the study is given in Table 7 . MATLAB Neural Network Toolbox 63 randomly assigns the initial weights for each run each time which considerably changes the performance of the trained neural network even all parameters and neural network architecture are kept constant. This leads to extra difficulties in the selection of optimal network architecture and parameter settings. To overcome this difficulty a program has been developed in MATLAB which handles the trial and error process automatically. The program tries various number of layers and neurons in the hidden layers both for first and second hidden layers for a constant epoch for several times and selects the best neural network architecture with the minimum MAPE (Mean Absolute % Error) or RMSE (Root Mean Squared Error) of the testing set, as the training of the testing set is more critical. For instance a neural network architecture with 1 hidden layer with 7 nodes is tested 10 times and the best neural network is stored where in the second cycle the number of hidden nodes is increased up to 8 and the process is repeated. The best neural network for cycle 8 is compared with cycle 7 and the best one is stored as best neural network. This process is repeated n times where n denotes the number of hidden nodes for the first hidden layer. This whole process is repeated for changing number of nodes in the second hidden layer. Moreover this selection process is performed for different back propagation training algorithms such as trainlm, trainscg and trainbfg given in Table 7 . The program begins with simplest neural network architecture i.e. neural network with 1 hidden node for the first and second hidden layers and ends up with optimal neural network architecture. The flowchart of the whole process can be found in relevant literature 64 .
Numerical application
Throughout this part of the study, artificial neural networks had been utilised in order to predict the strain accumulation and creep stiffness of asphalt concrete specimens obtained from a series of Marshall designs based on experimental results described above. The ranges for these test results are shown respectively in Tables 8 and 9 . The data set is properly divided into 80% training and 20% testing sets for neural network training process and these sets are randomly selected from the experimental database. The optimal neural network architectures for strain accumulation and creep stiffness were found to be 7-9-1 (9 hidden neurons) and 6-8-1 (8 hidden neurons). The optimum training algorithm was found to be Levenberg-Marquardt back propagation. Logarithmic sigmoid (log) and hyperbolic tangent sigmoid (tanh) transfer functions were utilised for the hidden layer and output layer respectively (on a log-log, log-tanh, tanh-log & tanh-tanh basis). It had been clearly seen and proven that there were very minute differences when these four combinations were utilised therefore logarithmic sigmoid transfer function had been used in all throughout the analyses that had been carried out through the study. Statistical parameters of training and testing sets and overall results of neural network models are represented respectively in Tables 10 and 11 . As can be visualised from these tables, the obtained neural network results are observed to be markedly close to actual test results. This is a perfect indication of the well training of the data set. Artificial neural network applications are treated as black-box applications in general. However this study opens this black box and introduces the neural network application in a closed form solution 65 . This part of the study aims to present the closed form solutions of proposed neural network models for strain accumulation and creep stiffness based on the trained artificial neural network parameters (weights and biases) as a function of physical properties of standard Marshall specimens such as fiber addition amount, specimen height (only for strain accumulation analysis), unit weight, voids filled with asphalt (V f ), voids in mineral aggregate (V.M.A.), air voids (V a ) and test loading period (for static creep testing).
Using weights and biases of the trained neural network model, closed form of strain accumulation can be given as follows: 
Experiments Performed to Determine Optimal Polypropylene Addition to the Mixture and Artificial Neural Network Applications by Utilising Marshall Design
General overview about Marshall design
The very basic fundamentals for carrying out Marshall design were developed by Bruce Marshall, who was a pavement engineer working for the Mississippi State Highway Department, in the time spanning the period just before the onset of the Second World War in attempt to standardise a testing procedure that would encompass the available laboratory equipment in order to evaluate the bitumen content of asphalt concrete mixtures 66, 67 . In 1948, The U.S. Corps of Engineers, after carrying out elaborate testing practices, improved and built up the certain milestones to Marshall's test procedure and set the very basic criteria for this very well known hot mix asphalt concrete design method 66 . Since this time, Marshall design has been adopted by organisations and government departments in nearly all of the countries worldwide with very minute modifications either to the procedure or to the interpretations of the results. The very basic efforts and the later developments that were carried out in order to standardise this very well known testing procedure and further knowledge can be found in the relevant literature 67 . Aggregate selection basically depends on the gradation specifications of the proposed country and available materials in the nearby quarries. Maximum size of aggregate is generally controlled by the layer thickness. Bitumen grade selection is also a very important factor in the overall design procedure and is again controlled by the requirements of the project 66 . Marshall test consists of the manufacture of cylindrical specimens 102 mm in diameter and 63.5 mm high by the use of a standard compaction hammer and a cylindrical mould (further correction factors will be applied to Marshall stability values with different height values). Marshall specimens are compacted using the compactive effort applicable to the loading conditions. These compactive efforts are mainly 35 blows per each face for light traffic, 50 blows for medium and 75 blows for heavy traffic conditions 66 . A 4.535 kg hammer is being dropped from 45.72 cm height. After passing of 24 hours from the demoulding of the asphalt specimens, these specimens are tested for their resistance to deformation at 60 °C at a constant rate of 50.8 mm/min in a test rig. The jaws of the loading rig confine the majority but not the entire circumference of the specimen. The top and the bottom of the cylinder are unconfined. Because of this fact, the stress distribution in the specimen during testing is extremely complex 68 . Basically, two mechanical properties are determined from the asphalt specimens from the standard Marshall test. These are:
a) The maximum load the specimen will carry before failure, which is known as the Marshall stability, b) The amount of deformation of the specimen before failure occurred, which is known as the Marshall flow.
The ratio of stability to flow is known as the Marshall quotient. Marshall quotient is a sort of pseudo stiffness which is a measure of the material's resistance to permanent deformation. More scientifically speaking, Marshall quotient is a sort of measure for the creep stiffness of asphalt specimens 69 . By carrying out Marshall design procedure, the main goal is to obtain the optimum bitumen content. In order to find the optimum bitumen content, the designer has to find the below mentioned values from the test property curves.
From these data curves, bitumen contents are determined which yields the following: a) Maximum stability, b) Maximum unit weight, c) The median of limits for per cent air voids, d) The median of limits for voids filled with asphalt.
The testing procedure in order to determine the optimum bitumen contents is very time consuming and needs skilled workmanship. On the other hand, at the end of the Marshall test only stability and flow values of the specimens can be obtained physically. The unit weight of mixture, theoretical unit weight, voids in mineral aggregate (V.M.A.), voids filled with asphalt (V f ) and air voids (V a ) are obtained by carrying out extra calculations. Therefore if the researchers can obtain the stability and flow values of a standard asphalt mix with the help of other means, the rest of the calculations will just be mathematical manipulations. Artificial neural networks can be a very convenient way to obtain the stability, flow and Marshall quotient values obtained at the end of the Marshall test procedure. Obtaining the explicit formulation of these mechanical properties based on the proposed neural network model and presenting them for the use of further researchers who are working with the same kind of or different bitumen modifiers will be another very useful tool to help them in their pursuits of finding the "optimal" modifier addition amount.
The theory behind the stability, flow and Marshall Quotient values obtained from Marshall testing have been investigated by many scientists up to date in many respects 67 . As this study is dealing with preparing an asphalt mixture which has an aggregate gradation of a type 2 wearing course 60 , at this point, some more "technical" information about the actual meaning of stability and flow should be given. In pavement engineering, the "stability" of a flexible pavement structure is one of the most remarkable properties. Basically, if the "surface course" is being analysed, the ability of the pavement structure to withstand the distress parameter of rutting is extremely important. The measure of "stability" is not an easy concept on site therefore the laboratory measured value of "stability" gives a good indication of the concept in a qualitative manner. There are minimum values stated for stability values in all of the design guides throughout the world 60,66 but there is not any "maximum" value stated in these guides. If a bituminous mixture is lacking stability, this causes the flow and unravelling of the surface courses of the road infrastructure. Flow is the ability of a bituminous pavement structure to adjust itself to the gradual settlements and movements of the underlying subgrade. It can be accounted for as the reverse of the stability values. Asphalt concrete is a viscoelastic, thermoplastic and viscoplastic material which has "elastic" therefore "reversible" behaviour reserved inside its structure. The Marshall Quotient, another important outcome of the Marshall design procedure, is actually stability divided by flow. Therefore it represents a value of the load to deformation under the specified testing conditions that can be utilised as the measure of the asphalt concrete's resistance to permanent deformation under service conditions 70 .
Neural network applications related specifically to Marshall design in the five years
There are not so many studies in the literature related specifically to neural network applications in Marshall design. Study by Hejazi et al. 27 introduced two simple models for predicting fiber-reinforced asphalt concrete (FRAC) behaviour during longitudinal loads. In this study, an artificial neural network architecture was selected to identify the effect of fiber parameters (as input neurons) on the FRAC properties (specific gravity, stability, and flow as output neurons). MATLAB software was used to implement the algorithm 63 . Alavi et al. 71 derived a high-precision model to predict the flow number of dense asphalt mixtures using a novel hybrid method coupling genetic programming and simulated annealing, called GP/SA. Mirzahosseini et al. 72 presented two branches of soft computing techniques, namely multi expression programming (MEP) and multilayer perceptron (MLP) of artificial neural networks for the evaluation of rutting potential of dense asphalt-aggregate mixtures. Gandomi et al. 73 , in another study, utilised a promising variant of genetic programming, namely, gene expression programming (GEP), to predict the flow number of dense asphalt-aggregate mixtures.
Experimental analysis carried out
Marshall specimens (at the optimum bitumen content of 5%) were fabricated by utilising 50 blows on each face (medium traffic conditions). 50/70 penetration bitumen was modified in the laboratory with M-03 type polypropylene fibers. A total of "90" Marshall specimens were fabricated and tested to obtain the relevant stability and flow properties of them. When compared with the amount of tests undertaken in the similar studies available in the literature, first of all testing of 90 specimens is really an extensive way of carrying out analyses. Second, in this study, all of the specimens had been prepared by utilising optimum bitumen content therefore a search for "optimal" polypropylene addition amount is undertaken 19 . Finally, this time, another way of analysing the Marshall specimens is carried out by knowing the best type of modifier is 3 mm multifilament polypropylene fibers therefore the picture is clearer when compared to the previous studies of the lead author 22, 23 . Average physical and mechanical properties of six replicate Marshall specimens can be found in Table 12 and Figures 9 to 15.
When Table 12 and Figures 9 to 15 are examined, it can be visualized that the average stability values of the control specimens increase up to 70% when 7‰ polypropylene modification is carried out. This is a dramatic increase when viewed from the pavement engineering point of view. The unit weight values drop by 2.9% until 5.5‰ polypropylene amount is reached and after this point on, tends to increase again. The air voids increase by 80% until 
Numerical application
In this part of the study, artificial neural networks had been utilised in order to predict the stability, flow and Marshall Quotient of asphalt concrete specimens obtained from a series of Marshall designs based on experimental results described above. The ranges for these test results are shown respectively in Tables 13 to 15 . The data set is properly divided into 80% training and 20% testing sets for neural network training process and these sets are randomly selected from the experimental database. The optimal neural network architectures for stability, flow and Marshall Quotient found to be 6-8-1 (8 hidden neurons), 6-3-1 (3 hidden neurons) and 6-10-1 (10 hidden neurons) respectively. The optimum training algorithm was found to be Levenberg-Marquardt back propagation. Logarithmic sigmoid (log) and hyperbolic tangent sigmoid (tanh) transfer functions were utilised for the hidden layer and output layer respectively (on a log-log, log-tanh, tanh-log & tanh-tanh basis). It had been clearly seen and proven that there were very minute differences when these four combinations were utilised therefore logarithmic sigmoid transfer function had been used in all throughout the analyses that had been carried out through the study. Statistical parameters of training and testing sets and overall results of neural network models are represented respectively in Tables 16 to 18 . As can be visualised from these tables, the obtained neural network results are observed to be markedly close to actual test results. This is a perfect indication of the well training of the data set.
This part of the study aims to present the closed form solutions of proposed neural network models for stability, flow and Marshall Quotient (MQ) based on the trained artificial neural network parameters (weights and biases) as a function of the physical properties of standard Marshall specimens such as fiber addition amount, specimen height, unit weight, voids filled with asphalt (V f ), voids in mineral aggregate (V.M.A.), and air voids (V a ).
Using weights and biases of the trained neural network model, closed form of stability can be given as follows: (Table 18 ). This is expectable in a clear manner. But to avoid such underperformances, in the prospective studies, the database can be divided into three subsets i.e. train, valid and test though this is not a must (at this point, in the further researches that will be carried out with especially different type of bitumen modifiers, extensive laboratory testing should have to be carried out to arrive at optimal addition amounts of the modifiers of course).
For further recommendations to other researchers studying in the field, static creep tests can be carried out on the polypropylene fiber modified specimens at temperatures above or below 50 °C and with different loading patterns. Another prospective study may focus on the behaviour of the polypropylene modified asphalt specimens at lower temperatures below zero. Different compaction techniques like gyratory compaction might be utilised for the better simulation of site conditions in laboratory environment. Finally, other intelligent predictive tools such as genetic programming 74, 75 and neuro-fuzzy techniques might be utilised to give a deeper insight to the proposed problem of determination of the optimal modifier amount in the dense bituminous mixtures.
Conclusions
The addition of the polypropylene fibers into the asphalt mixture enhances the mixture properties in a very favourable manner. The decrease of the strain accumulation at the end of the static creep tests correspond to approximately 60%. The initial and final creep stiffness values have increased by 129% and 149% correspondingly. The average stability values of the control specimens increase up to 70% when 7‰ polypropylene modification is carried out. This is a dramatic increase when viewed from the pavement engineering point of view. The unit weight values drop by 2.9% until 5.5‰ polypropylene amount is reached and after this point on, tends to increase again. The air voids increase by 80% until 5.5‰ polypropylene amount, and start to decrease from thereon. Voids filled with asphalt values show a similar trend (16.5% decrease) up to 5.5‰ polypropylene addition. The voids in mineral aggregate values increase by 16.4% up to 5.5‰ addition of polypropylene and start to decrease from this point on. The tendency of flow values is similar (23% decrease). Finally, Marshall Quotient values increase by 92% which is an indication of pseudo stiffness.
Therefore the 5.5‰ M-03 type polypropylene fiber addition is the optimal addition amount for this type of wet modification. Furthermore, in this study, a novel approach to enable the prediction of mechanical properties such as strain accumulation, creep stiffness, stability, flow and Marshall Quotient without carrying out real destructive tests, obtained from Marshall designs, have been presented utilising artificial neural networks. Backpropagation neural networks have been utilised for the neural network training process. The proposed neural network models for five of these mechanical properties have shown very good agreement with experimental results. But it has to be born in mind that this neural network model is valid for the ranges of the experimental database used for neural network modelling. Therefore, the rutting potential can be explored by this means in a perfect manner. As a consequence, the proposed neural network model and formulation of the available stability, flow and Marshall Quotient of asphalt samples is quite accurate, fast and practical for use by other researchers studying in this field. The explicit formulation of strain accumulation, creep stiffness, stability, flow and Marshall Quotient by closed form solution, as a most general panoramic picture, based on the proposed neural network model is obtained and presented for further use for researchers who are working with the same kind of or different bitumen modifiers, needless to say, for similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions to determine the optimal modifier addition amount to the asphalt concrete mixtures.
